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SFallures of plastics, particularly molded parts, frequently- initiate- ot discon-
Tinuities in the structure, such as holes and notches. To alleviate this problem,
the engineer frequently designs the part with large radii, or uses a highly duc-
tile material. Little attempt has been made to determine how plastics behave
under conditions of concentrated stress. This paper discusses an experimental
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Mechanical Design and Notch Sensitivity of Molding Materials

C. F. BALAZS

Polymeric materials may be classed as eilther
ductile or brittle at room temperature. A ductile
material will fail by undergoing plastic flow, and
is typified by high elongation, while a brittle
material will fail by a cohesive break, and is
typified by low elongation. Plastic flow of the
ductile fallure is propagated by shear forces,
and a shear fallure is generally observed, To
classify the type of failure correctly one would
obtain in a specific application, the conditions
of application must be considered. Time, temper-
ature, and environment affect the ductility,
stiffness, and strengths of all materials, Plas-
tics materials are likewlse affected, and are
generally mbre‘spnsitive tb_thése variables than
are metals. N B

Raising the temperature of a polymer permits
the long molecular chailns to move more freely
past one another, as well as to uncoll when a
stress 1s imposed on them. An elevated tempera-
ture generally lowers the modulus of the materi-
al, and lowers the tensile strength. Lowering
the temperature tends to lock the molecules in
place, mitigating flow, and thus resulting in
brittle fallure. When discussing temperature
effects, 1t is customary to relate them to the
location of the glass transition temperature of
the polymer. Thls is the temperature at which
the interatomic restralnts are sufficlently re-
duced to permit a large number of relative, non-
elastic displacements of neighboring molecules
under an applied stress.

Elevated temperatures also change the mate-
rial properties by permitting crystal growth, as
in the case of polyolefins, or deorientation as
in the case of heat shrinkable films,

The effect of time 1s closely related to
that of temperature. A failure caused at room
temperature and high strain rates will resemble
in properties a fallure produced at conventional
low strain rates, but at low temperatures. Thé
same relationship holds between low strain rates,
as 1in creep, and high temperature tensile testing.
A correlation has been made between time, and tem-
perature which allows the superposition of data

rﬂptained at varlous temperatures in short periods
T of time, to a single desired temperature for long

eriods of time (1, 2).

! Numbers in parentheses designate References
At the end of the paper.

Thus either brittle or ductile fallures may
be caused in the same thermoplastic material by
changing the testing conditions or more important
the operating conditions of the finished part.

The effect of environment plays an important
role in the ultimate properties of polymers (3).
The effect of many organic liquids, for example,
is to plasticize the polymer, reduce ultimate
tensile strength and modulus, and increase duc-
tility. The effect of environment was not a part
of this study,

STRESS CONCENTRATIONS

Most failures of molded parts may be showuwn
to have originated from an area of hlgh stress
concentration such as a hole, thread, groove, or
scratch.  Within these areas of high stress con-~
centrations, the stress cannot be calculated in
the conventional manner of stress analysis. The
stress in these areas is greater than basic
strength of materials equations would lead one %o
expect, 1In éddition to the change in amount of
stress, a change 1in the state of stress near the
discontinulty 1s realized, The uniaxial load
which may be applied will cause a biaxial, or
triaxial stress state to exist. The presence of
these combined stresses influences the yield and
ultimate properties of the material more exten-
sively than one would predict in a uniaxial stress
state (4); and, since an equilateral biaxial
stress pattern will not have a shear component
(in the plane of the two principal stresses) flow
will not take place and the material will fail in
a brittle manner., Generally, the principal
stresses are not equal and a shear component is
present. .

; Thus, there are two distinct aspects of stress
concentrators; namely, (a) the increase in the
stresses produced, and (b) the influence of the
combined stresses on the properties of the mate-
rial.,

Values of theoretical stress-concentration
factors for specific geometries, readily avallable
in the literature, are obtained by either theoret-
ical calculations, or experimental methods. The
stress-concentration factor is defined as the max-
imum stress in the member, divided by the nominal
average stress as derived from the usual strength
equationsg.

The damaging effect of a stress concentration
is greater in a brittle material, than in a duc-

A\
s



1.0

STATIC TENSION NOTCH
SENSITIVITY, FACTOR
08 \
0.6/~ COPOLYMER A w——
g_______.____.___________0
Stk et
0.4 " ——
COPOLYMER B I
|
0.2
0 i l
HOLE ——— NOTCH
R A e D =3
‘ HOLE | NOTCH
-04 |
0 .05 10 15 20 25 30 35

HOLE RADIUS, INCHES

Fig.1 Notch sensitivity of styrene acrylonitrile copolymers
at 73 deg F

tile material. In ductile materials the stress
distribution at the discontinulty changes after
Once the
yield stress 1s reached, further increase in load

the stress exceeds the yleld stress.

produces an increase in strain without an accom-
panying increase in stress. The load 1s then
picked up by the area next to the ylelded area.
This. transfer of load takes place until the stress
is distributed away from the discontinuity. If
the material is highly ductile, yield will take
Thus the stress
concentration is reduced to zero., Brittle materl-
als do not have the ability to redistribute the
10ad, and the stress concentration builds up until
the ultimate strength of the polymer is reached.
When the ultimate strength is reached a crack
initiates and leads to catastrophic fallure. The
effect of stress concentrators is therefore of
most imporbtance in brittle materials, and in those

place across the entlre part.

ductile materials which behave in a brittle manner
at low temperatures, at high strain rates, or when
biaxlally stressed.

NOTCH SENSITIVITY

The notch sensitivity of a material 1s the
degree to which the stress-concentrating effect
is actually obtained in the material. Peterson
(5) defines a-notch sensitivity index in fatigue
ass i ‘
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Fig.2 Notch sensitivity of general purpose polystyrene C at
two temperatures

k-1
q =
K-1

where ¢ = notch sensitivity and ranges from zero
to one,

endurance limlt
(without stress concentrator)|

k=20 = =
S endurance limit
(with stress concentrator)
K = maximum stress

average nominal stress

For the purposes of our work we have defined a
notech-sensitivity index in static tension as
followss

where

Ky strength-reduction factor

[}

_— tensile strength unnotched
tensile strength notched

theoretical stress-concentration

Ky
factor
The value of q' is the extent that the theoretical

stress concentrator affects the specimen when
loaded in tension. The stress concentration




Table 1

Ultimate
' Tensile
Radius, In,  Temp. Strength X, Ky a’
Notch Hole °F psi

Styrene-Acrylonitrile Sample A

Control Control 73 7200 - - -

- .063 73 4050 .78  2.55 0,50
- L1286 73 Looo 1.81 2.35 0.60
- . 317 73 4500 1.60 2.05 0.57
. 070 - 73 k150 1.73 2,37 0.53
.116 - 73 4650 1.56 2,16 0.48
.320 - 73 6400 1.13 1.25 0.52
Stvrene-Acifylonitrile Sample B
Control Control 73 7800 - - -
- .02 73 £900 1.59 2,90 0.31
- .125 73 4900 1.59 2.32 0.45
- .315 73 5700 1.37 2.20 0,31
Polystyrene G.P. Sample C
Control Control 73 6700 - - -
- . 020 73 LGCO 1.45 2,90 0,24
- .125 73 3900 1.72 2.35 0.53
- . 200 73 [15Kele} 1.6k 2,19 0.54
- . 314 73 4100 1,63 2.05 0.60
Control Control -4 8200 - - -
- .02 -40 6300 1.30 2.85 0.16
- 125 -4o 4700 1.74 2.35 0.55
- . 315 ~40 4200 1.86 2.05 0.82

All specimens tested on Instron testing machine at a crosshead

speed of ,05"/minute using a Jaw span of 4.5 inches,

factor (Kt) 1s independent of the material; and
is only a function of geometry.

EXPERIMENTAL

Several Dow molding resins were selected for
this work on the basis of their degree of ductil-
ity. It was desirable to use materials with large
differences 1in ductility to obtain information on
the effect of ductility, as measured by Izod im-
pact or tensile test, on notch sensitivity. It
was also desirable to measure notch sensitivity
of materials which showed no difference in Izod
impact strength, but in which customer experience
showed differences did in fact exist.

Strain rate was based on the crosshead travel
and total gage length. Actual strain rate at the
reduced cross sectlon was higher because the
stress was higher in this region due to the dif-
ference in cross-sectional area. Instrumentation
is presently belng constructed to measure the
actual strain rate at the reduced section.

Speclmens were cut from compression-molded
sheets, and were then machined into dumbbell test
bars having approximate cross sectional dimensions
of 0,125 in, x 1.00 In. in the test area. Each

Table 2

Ultimate
Tensile
Radius, In, Terp. Strength Kr K+ a’

Notech Hole °F psi

_Polystyrene G.P. Sample D

Control Control 73 5100 - - - 1
- .020 73 3450 1.48 2.8 0.26
- . 064 73 3350 1,51  2.54  0.33
- .128 73 3250 1.58  2.35 0.13
- L1901 73 3300 1.55 2.25 0.44
- . 254 73 3450 1.18 2,15 o0.42
- .330 73 3500 1.45 2,05 0.43
.059 - 73 3100 1.65 2.50 0.43
.119 - 73 3250 1.56 2,15 0.49
.2h9 - 73 Lo0o 1.27 1.55 0.49
Control Control 125 4000 - - -
- . 020 125 2800 1.43  2.85 0.23
- .125 125 2300 174 2.35 0.55
- .31k 125 2500 1.60 2.05 0.57
Control Control -L40 8200 - - -
- . 068 =40 4950 1.65 2,50 0.40
- .195 ~4o 4800 1,71 2.20 0.59
- .316 -lo 4900 1.67 2.04 0.65

All specimens tested on Instron testing machine at a crosshead

speed of .05"/minute using a jaw span of 4,5 inches.

Table 3
Ultimate
Tensile
Radius, In. Temp. Strength Kp Ky a’
Notch Hole °F psi
Polystyrene H.I. Sample E
Control Control 73 3320 - - -
- .06k 73 3630 0.915 2.55 -0.055
- .126 73 3610 0,917 2.37 -0,061
- .316 73 3640 0.912 2,08 -0.081
.083 - 73 3590 0.925 2,35 -0,056
113 . - 73 3730 0.890 2.20 -0.092
. 311 - 73 3880 0.856 1.30 -~0,480
Polystyrene H.I. Sample F
Control Control 73 2400 - - -
- .063 73 3150 0.768 2.55 -0.,150
- 125 73 3300 0,730 2.36 -0.200
- - . 250 73 © - 3050 0.790 2.15 -0.180
.088 - 73 3400 0.710 2,35 -0,250
L1445 - 73 3400 0.710 2,06 -0.270

Polystyrene M,I. Sample G

Control Control 73 3800 - - -
- .02 73 4500 0.850 2.85 -0,08
- .314 73 4300 0.885 2.02 -0.113

All specimens tested on Instron testing machine at a crosshead

speed of 0.2"/minute using a jaw span of 4,5 inches,

test bar was then drilled carefully in the center
of the test area, or notched on both sides of the
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Fig.3 Notch sensitivity of general purpose polystyrene D at Fig.4 GComparison of two general purpose polystyrenes at two
three temperatures temperatures

test area, Fig. 1. Initially five specimens at

1
each test condition were run, but good reproduc- Notch sensitivity (g') was then calculated

ibility of results permitted lowering this to as

three specimens., Several sets of specimens having Kp-1
1= e

differently dimensioned holes or notches were - Ki-1

prepared from each material, Tables 1, 2, and 3,
During the preparation of these speclmens
speclal care was taken to insure that no extraneous
stress railsers were introduced. Any imperfection
in the notch or hole, such as a drill nick or chip
would introduce error in the calculated effect on
the discontinuity. ©New drill bits were therefore

used to insure that a clean cut would be made.
Heat buildup during the drilling or notching pro-
cess was prevented by using a hand operated drill.

The test bars prepared in thils manner were
tested in an Instron Model TTB universal testing
machine, along with unnotched control specimens.
Tensile tests were performed at conventional
crosshead speeds for the materials, The rupture
strength, based on remaining cross sectlonal area
was used to calculate the strength reduction fac-
tor (Kp) as follows:

Results of these studies are shown in Figs, 1
through 5.

DISCUSSION OF RESULTS

Figs. 1 through 5 show the degree of notch
sensitivity (g!) exhibited by the varlous materials
investigated as functions of the discontinuity
imparted to them. The strength-reduction factors
(Kp), stress-concentration factor (Kg), notched
and unnotched strengths, and notch sensitivity
factors are given in Tables 1 through 3. Speci-
mens were investigated with circular discontinu-
itles centrally located, as well as specimens
with semicircular notches on the sides, Fig, 1.

Fig. 1 shows the notch sensitivities of two
styrene-acrylonitrile copolymers at 73 F.

Kp = st Copolymer A is higher in styrene content and 1s
So more notch sensitive than copolymer B, DNotch
where ) sensitivity is a function of geometry as well as
S1 = tensile strength at rupture of un- material, and is lowest for small discontinuities
notched specimen Fig. 2 shows the notch sensitivity of a
Sg = tensile strength at rupture ot notch- general purpose polystyrene at two temperatures.
ed specimen The sensitivity at the low temperature (-40 F)
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Fig.5 Notch sensitivity of rubber modified polystyrenes at
' 73 deg F

decreases at a greater rate with decreasing hole
size, and crosses the 73 F curve at a hole radius
of about 0.10 in. Since lowering the temperature
tends to 1nhibit flow, and cause brittle failure,
1t was not expected that the crossover would oc-
cur,

The unexpected effect of temperature is more
dramatically shown in Fig. 3. The notch sensi-
tivity of a second general-purpose polystyrene at
three temperatures is shown. When this polymer
was investlgated at 125 F, 1t was found that the
sensltivity was higher at the elevated temperature
than at room temperature. An explanation may be
that local heating, due to the local high strain
rate, added to the already existing elevated tem-
perature, causes a local hot spot at the discon-
tinuity, thus lowering the tensile strength of
the notched specimen. Using this lowered value
in the calculation for notch sensitivity will re-
sult in a high strength-reduction factor, and
consequently a high notch-sensitivity factor. As
more work 1s generated in this and related fields
it 18 felt that this apparent contradiction will
be resolved.

The two general-purpose materials exhibilt the
. «¢ Izod lmpact strengths, while the material
designated GP P/S-C has a higher yleld strength,
higher ultimate strength, slightly higher modulus
and about the same elongation, Field experience
with these two materials however, showed that

material C would fail when a stress concentration
was present before the other general purpose poly-
styrene designated GP P/3-D, Fig. 4 shows that
the C-materlal is more notch sensitive. This dif-
ference in notch sensitivity eliminates the dir-
ference in tensile strength when a stress concen-
trator 1s present. The area between the D materi-
al curve and the C-material curve at the same
temperature has been shaded in to assist in the
comparison of notch sensitivities, The effect of
temperature on these two polymers is also shown

in Pigs. 2 and 3.

Fig. 5 shows the notch sensitivity of two
high-impact (rubber modified) polystyrenes (HI
P/S-E and HI P/S-F) and one medium impact poly-
styrene (MI P/S-G). The E and F-samples were run
with both the circular holes in the center of the
bar, and semi-clrcular notches on the sides whlle
the medium impact material was run with circular
holes in the center. These rubber modified ma-
terials all exhibited negative notch sensitivities,
Two theories have been proposed to explain this
apparent anomaly., The flrst may be thought of as
the strain-rate theory and the second, the multi-
axlal-stress theory.

The strain-rate theory is based on the ob-
served increased tensile strength, with increased
strain rate., Crosshead travel was held constant

for all tests, but when a specimen is notched,
the majority of the elongation takes place next
to the notch or in the area of stress concentra-
tion., This in fact reduces the gage length by
an order of magnitude, increasing the local
strain rate at the notch, proportionally. The
exact strain rate 1s yet unknown, but instrument-
ation is belng constructed to find what it 1s,
When this is done unnotched tensile tests will
be run at thils strain rate to determine the
signiflcance of strain rate.

The second consideration of why a negative
notch sensitivity was observed is the stress dis-
tribution around a hole prior to rupture. It is
known that the stress pattern around a hole is
not uniaxial, but multiaxial. The strength re-
duction factor (KP) was calculated on the basis
of uniaxial tenslon thus introducing some error
in the calculation for the rubber modified poly-
styrenes. Further work, it is hoped, will shed
more light on this problem,

Kline (6) shows that increasing the loading
rate increases the notch sensitivity of poly-
methyl methacrylate. He investigated crosshead
velocities of from 0,02 to 6600 ipm and hole
diameters of 1/32 to 1/4 1n., These results show
that over 200 percent increase in sensitivity
may be realized by thils 3.3 x 105 Increase in
strain rate.




SUMMARY

1 Notch sensitivity of plastics is dependent
upon the strain rate, temperature, and geometry.
It would also be expected that environment would
change the ductility of a polymer, but tests under
various environments were not included in the
investigation.

2 The use of notched tensile speclmens to
determine differences in brittleness between
polymers which have about the same conventional
strength properties, correlates well with field
experience.

3 PFurther work in this fleld should be
carried out to investigate the apparent negatilve
notch sensitivities of rubber modified materials,
and the increase in notch sensitivity of the gen-
eral purpose polystyrene at elevated temperatures.
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